The C-terminal segment of the human insulin receptor α-chain (designated αCT) is critical to insulin binding as has been previously demonstrated by alanine scanning mutagenesis and photo-crosslinking. To date no information regarding the structure of this segment within the receptor has been available. We employ here the technique of thermal-factor sharpening to enhance the interpretability of the electron-density maps associated with the earlier crystal structure of the human insulin receptor ectodomain. The αCT segment is now resolved as being engaged with the central β-sheet of the first leucine-rich repeat (L1) domain of the receptor. The segment is α-helical in conformation and extends 11 residues N-terminal of the classical αCTsegment boundary originally defined by peptide mapping. This tandem structural element (αCT-L1) thus defines the intact primary insulin-binding surface of the apo-receptor. The structure, together with isothermal titration calorimetry data of mutant αCT peptides binding to an insulin minireceptor, leads to the conclusion that putative "insulin-mimetic" peptides in the literature act at least in part as mimics of the αCT segment as well as of insulin. Photo-cross-linking by novel bifunctional insulin derivatives demonstrates that the interaction of insulin with the αCT segment and the L1 domain occurs in trans, i.e., these components of the primary binding site are contributed by alternate α-chains within the insulin receptor homodimer. The tandem structural element defines a new target for the design of insulin agonists for the treatment of diabetes mellitus.
B
inding of insulin to the insulin receptor initiates a signaling cascade in target tissues as the first step in the regulation of metabolic homeostasis. However, a molecular description of how insulin binds and activates its receptor remains elusive. Whereas determination of the structure of insulin (Fig. 1A) represented an early triumph of protein crystallography (2) , the structure of the much larger receptor ectodomain homodimer (in apo form) has only recently been crystallographically analyzed (3) . The latter structure and its implications for the nature of the hormone-binding sites have been extensively reviewed (4) (5) (6) (7) . Briefly, the insulin receptor is a disulfide-linked dimer wherein each proreceptor monomer is proteolytically cleaved into an N-terminal α-chain and a C-terminal β-chain (Fig. 1B) . A single disulfide bond links the α-and β-chains within each monomer. The extracellular portion of the insulin receptor includes both α-chains as well as 194 residues (Ser724-Lys917) of each β-chain. Each receptor monomer consists of several structural domains (Fig. 1B) , including a leucine-rich repeat domain L1 (residues 1-157), a cysteine-rich region (CR, residues 158-310), a second leucine-rich repeat domain L2 (residues 311-470), and three fibronectin type-III domains: FnIII-1 (residues 471-595), FnIII-2 (residues 596-808), and FnIII-3 (residues 809-906). FnIII-2 contains a ∼120-residue insert domain (ID, residues 638-756) that contains the α∕β cleavage site at residues 720-723. The segments of the ID that lie within the α-and β-chains are termed IDα and IDβ, respectively. C-terminal to the FnIII-3 domain lies a single transmembrane helix, followed by a ∼40-residue intracellular juxtamembrane region (JM), a tyrosine kinase (TK) catalytic domain, and a ∼100-residue C-terminal tail. The closely related Type 1 insulin-like growth factor receptor (IGF-1R) shares a similar domain organization. Recent x-ray crystal studies (3) have shown that the extracellular domains of each monomer assemble as an inverted "V," with the L1-CR-L2 domains forming one leg and the three FnIII domains the other. In the receptor dimer, the second monomer is related to the first by a twofold rotation about the axis of the inverted "V," resulting in the L1-CR-L2 leg of one monomer being packed against the three FnIII domains of the other (Fig. 1C) .
Current models of the insulin/insulin receptor complex propose that hormone binding is mediated by two adjoining structural elements termed Site 1 and Site 2 (4-7). Extensive studies of mutant receptors and chemical cross-linking have established that Site 1 is comprised of elements from two distinct regions: (i) the central of the three β-sheets that make up the L1 domain, and (ii) the last 16 residues of the α-chain (the so-called αCT segment, labeled by an asterisk in Fig. 1B ), a critical component in ligand binding (8, 9) . A possible location for Site 2 was identified when the structure of the insulin receptor ectodomain dimer was determined and is likely formed by loops at the junction of the FnIII-1 and FnIII-2 domains from the opposite monomer to that which contributes the L1 domain (Fig. 1C ). Such models of hormone binding are consistent with the "cross-linking," trans binding mechanism of receptor activation (7, 10, 11) and signal transduction.
A major omission from these models, however, is the structure and location of the αCT segment. This segment was not visualized in the initial structure of the insulin receptor ectodomain (3). However, we have previously speculated that the αCT segment might be associated with a tube-like segment of electron density observed lying on the central β-sheet of the L1 domain within the To whom correspondence may be addressed. E-mail: lawrence@wehi.edu.au or michael.weiss@case.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 1001813107/DCSupplemental. crystallographic maps (3) . Recent availability of new crystallographic techniques and software has now enabled us to obtain improved electron-density maps of this region of the insulin receptor and construct a crystallographic model of the αCT segment and its interactions with the adjacent L1 domain. We have also recently proposed (12) that there is a close structural relationship between the αCT segment and the so-called Site 1 insulin-mimetic peptides developed by Schäffer and coworkers (13) . Here our refined structure, together with extensions of earlier isothermal titration calorimetry (ITC) studies, provides additional support that this is indeed the case. Whether the αCT segment binds to the L1 domain in cis or trans is then addressed by the use of bifunctional photo-cross-linking insulin derivatives (14) .
Results
Crystallographic model. The original 3.8 Å resolution crystal structure of the insulin receptor ectodomain homodimer (Protein Data Bank accession code 2DTG) was derived from x-ray diffraction data collected from a crystal containing a complex of the insulin receptor ectodomain homodimer with two pairs of F ab fragments 83-7 and 83-14 (3). We have now reintegrated the reflection intensities from the diffraction images associated with this structure (SI Appendix, Table S1 ) and rerefined the 2DTG crystallographic model against the reintegrated data, in both cases using alternative software packages to those employed originally. We then calculated (2mF o -DF c ) and (mF o -DF c ) σ A -weighted difference electron-density maps (15) , which were then artificially sharpened by multiplying the constituent structure-factor amplitudes by expð−B sharp sin 2 θ∕λ 2 Þ, where B sharp is the negative of the thermal factor derived from a Wilson plot of the data, θ the reflecting angle, and λ the x-ray wavelength (16) . This technique has recently proved particularly effective in the rerefinement of the three crystal structures of the fulllength ATPase p97 (17) . The tube-like segment of density originally observed on the surface of the L1 domain (3) was resolvable in these maps as being an α-helix ( Fig. 2A) and could be assigned unambiguously to insulin receptor residues 693-710 (SI Appendix). A model for this segment was then built and incorporated into the F ab -complexed insulin receptor atomic model and the structure further refined. The final crystallographic refinement statistics are excellent given the resolution of the data, viz. R work ¼ 0.225∕R free ¼ 0.285 (SI Appendix, Table S1 ). The low R-factors are likely attributed (16) to the fact that the higher-resolution fragment structures of the L1-CR-L2 domains (2.3 Å resolution) and of prototypical F ab s underpin approximately ∼75% of the original model (3) . A more detailed discussion of the data processing and map sharpening strategies applied here is presented in SI Appendix.
The interaction of the 693-710 segment with the surface of the central β-sheet of the L1 domain has the following salient features (Fig. 2B ): (i) The side chains of residues Phe701 and Phe705 are packed adjacent to each other in a hydrophobic pocket formed by the side chains of the residues Leu62, Phe64, Phe88, Phe89, Tyr91, Val94, Phe96, and Arg118 of the L1 domain; (ii) the side chain of Tyr708 is packed approximately parallel to the surface of the central β-sheet of the L1 domain, in proximity to the side chains of residues Arg14, Gln34, Leu36, and Phe88 of the L1 domain; and (iii) the side chains of the residue pair Glu698/Arg702 lie in close proximity to each other and interact with the side chains of the L1 domain residue-pair Arg118/ Glu120, respectively, the four side chains forming a chargecompensating cluster. There is also a hydrophobic interaction between the side chain of Leu709 and the side chains of Leu37 and Phe64. On the surface of the helix distal to the interface with the L1 domain, the side chains of the residue-pair Lys703/Asp707 are in proximity to each other and likely charge compensate. The validity of the model is indirectly supported by observations that (i) the three aromatic residues (Phe701, Phe705, and Tyr708) are conserved in type (as Tyr688, Phe692, and Phe695, respectively) in IGF-1R, as might be expected from the fact that the αCT peptide of IGF-1R can substitute for that of insulin receptor in conferring hormone-binding capability on domain-minimized receptors (18); (ii) the subsegment of the helix that is in closest proximity to the L1 domain surface (viz. residues Glu698 to Leu709) corresponds almost precisely to a segment of the α-chain C terminus previously predicted to have helical structure (12) ; and (iii) the shape complementarity of the modeled αCT segment/L1 domain interface is high (0.72), commensurate with a well-packed interaction (19) . The total buried molecular surface area is 938 Å 2 ; details of the degree of solvent accessibility of individual residues within the interface are presented in SI Appendix, Table S2 . Binding of Mutant αCT Peptides to an Insulin Minireceptor. Insulinmimetic peptides have been discovered by phage display technology and classified as Site 1, 2, or 3 on the basis of competition of binding to insulin receptor (13) . The affinity-matured Site 1 peptides are characterized by a FYXWF motif (13); selected Site 1 and 2 peptides have been covalently tethered to yield agonists with up to picomolar affinity for insulin receptor (20) . We have proposed (12) a sequence relationship between the αCT segment and the prototypic Site 1 mimetic peptide that places the αCT segment residues Phe701 and Phe705 in respective alignment with the two flanking phenylalanine residues in the FYXWF motif (SI Appendix, Fig. S1 ). This relationship was used to explain the competitive binding of the αCT peptide and the prototypic Site 1 mimetic peptide to the insulin minireceptor IR485, a construct that consists of the receptor L1-CR-L2 domains only (12) . If this relationship is correct, then mutation of Arg702 and/or Thr704 within the αCT segment to either tyrosine or tryptophan should lead to significantly higher affinity of the segment for the insulin minireceptor. It should also then be possible to model these substitutions directly onto the structure reported here.
These hypotheses have now been tested. Table 1 presents ITCderived dissociation constants for a set of mutant αCT peptides titrated against the insulin minireceptor IR485. Progressive inclusion of aromatic residues at positions 702 and 704 is seen to result in an up to 100-fold increase in affinity, supporting the view that there is a structural relationship between the Site-1 mimetic peptides and the native αCT segment. Modeling of the interaction of the mutant αCT peptides with the L1 domain (Materials and Methods) reveals how the aromatic side chains of αCT residues Trp702 and Tyr704 are likely to interact with the surface of the L1 domain and enhance the affinity of the interaction. At position 702 the aromatic side chain is docked into a pocket formed by the Phe96 and the alkyl portion of the side chain of Lys121; the hydroxyl group of a variant tyrosine residue can in addition form a hydrogen bond with the Lys121 ε-amino group. At position 704 the aromatic side chain of the variants is docked against the side chains of L1 domain residues Phe88 and Phe89.
Photo-Cross-Linking of Insulin to the αCT Segment and the L1 Domain.
It is not apparent in the above structure whether the interaction between the C-terminal segment of the receptor α-chain and the L1 domain is cis or trans within the receptor homodimer, given that linking residues 656-692 are unresolved and that distance constraints do not rule out either option. It has been argued (3, 5) that a trans association would place the α-chain C terminus in close proximity to the N terminus of the β-chain of the opposite monomer to that providing the L1 domain. Given that during biosynthesis proteolytic cleavage occurs after assembly of the homodimer (21), such trans association would appear to be more natural, because a cis association would require relocation of the αCT segment to the opposite L1 domain surface after cleavage (5) . A trans arrangement is also supported by complementation analysis using coexpression of pairs of differentially tagged insulin midi-receptors carrying single mutations in either the L1 domain or the αCT segment (22) .
We demonstrate directly here the trans association of these elements within the hormone-binding site by cross-linking experiments with photo-labeled insulin derivatives containing paraazido-phenylalanine (Pap) substitutions. We exploited the fact that Pap B25 and Pap A3 in respective monofunctional insulin derivatives contact αCT (23, 24) , whereas Pap B16 contacts the L1 domain in a monofunctional derivative (25) . Accordingly, a bifunctional [Pap B16 , Pap B25 ]-insulin derivative was prepared (SI Appendix, Fig. S2) , with its B-chain N terminus labeled with biotin to permit detection. The bifunctional derivative should be capable of cross-linking the αCT segment and the receptor L1 domain (Fig. 3A) . Photo-products of singly-and doublyderivatized Pap analogs were analyzed by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) with or without reduction by dithiothreitol (DTT). In the absence of DTT, detection by NeutrAvidin (NAv; Fig. 3B Upper) or by an L1-specific antiserum (L1-Ab, Fig. 3B Lower) revealed a covalent hormoneectodomain complex and, upon reduction, an isolated insulin B-chain/insulin receptor α-chain adduct. The bifunctional insulin derivative uniquely gave rise to an additional photo-product of molecular mass consistent with the sum of two insulin receptor α-chains and one insulin B-chain, implying that insulin crosslinked L1 and αCT from separate α-chains, as proposed in Fig. 3A . Similar results were obtained (Fig. 3C ) using a single-chain insulin analog (SCI) with Pap A3 and Pap B16 substitutions and an N-terminal biotin tag (SI Appendix , Fig. S3) ; an SCI was employed to avoid separation of the A3 and B16 photo-products following reduction of interchain disulfide bridges. Because the peptide connecting the A-and B-chains in the SCI contained a tryptic cleavage site, a control was provided by pretreatment of the photo-products with trypsin prior to SDS-PAGE. This pretreatment led to disproportionate attenuation of the covalent α-SCI-α band relative to a monovalent Pap A3 -related complex (Fig. 3D ).
Discussion
Our results define the structure of a tandem hormone-recognition element in the insulin receptor dimer. The tandem element comprises the amphipathic α-helix (αCT) packed against the predominantly nonpolar surface of the central β-sheet of the L1 domain. The trans character of the tandem element is built into The fibronectin module of the insulin receptor monomer that contributes the αCT segment is shown in secondary structure representation while the L1, CR, and L2 domains of the alternate monomer within the same leg of the homodimeric are shown in molecular surface-encased secondary structure representation. All domains are colored as in Fig. 1 B and C, with the αCT segment shown as a Red helix. A Gray tube depicts in stylized fashion the connection between the last ordered residue of the α-chain as it emerges from the FnIII-2 domain and the start of the αCT segment. The Black ellipses depict the location of the inter-α-chain disulfides at Cys524 and at the (Cys682, Cys683, Cys685) cluster.
the hormone-free structure of the receptor (Fig. 4) and so is unrelated to potential intermonomer cross-linking event movements that effect negative cooperativity (11) . The present study thus reveals the three-dimensional structure of Site 1, the primary insulin-binding site.
The structure of the tandem hormone-binding element leads to a reinterpretation of alanine scanning mutagenesis data for the insulin receptor. Of the 10 residues from the 693-710 segment that contribute to the αCT segment/L1 domain interface (SI Appendix, Table S2 ), single alanine mutations at four sites directly involved in the interface (Thr704, Phe705, Tyr708, and Leu709) are known to severely impair binding of insulin to its receptor (26, 27) . We suggest that the loss of insulin binding in these instances is indirect, reflecting rather structural perturbation of the interface within the tandem element. However, alanine substitutions at two sites distal to the interface (Glu706 and His710) also impair insulin binding; here we propose that these residues interact directly with insulin. Phe714, also critical for insulin binding, lies downstream of the segment modeled here and is disordered in the ectodomain crystal structure; here we predict that this residue too is involved in direct interaction with insulin. The L1 domain residues Gln34, Leu36, Leu37, Phe64, Phe88, Phe89, and Glu120 have less than 28% of their potential surface area available for possible interaction with insulin (SI Appendix, Table S2 ), yet at these positions alanine substitutions leads to insulin affinities of 0.04% to 40% relative to wild-type. We therefore propose that their primary contribution to insulin binding is through stabilization of the tandem element. In contrast, Asp12, Arg14, Phe39, Asn90, Tyr91, and Lys121 have a more limited engagement in the αCT segment/L1 domain interface, with 80% to 98% of their surfaces remaining accessible (SI Appendix, Table S2) , and yet alanine substitutions at these sites also impair insulin binding (affinities 0.1% to 33% of wild-type). We speculate that these side chains directly contact insulin and reflect a diversity of charged, polar, aromatic, and aliphatic interactions.
The picomolar receptor-binding affinity achieved by linking a Site 1 mimetic peptide C-terminal to a Site 2 mimetic peptide (as exemplified by the 36-residue peptide termed S519) (20) may reflect an economical structural mechanism of receptor binding and activation. Our results support the hypothesis (12) that Site 1 mimetic peptides (exemplified by the 16 C-terminal residue segment of the S519 peptide, termed S519C16) bind to insulin receptor by αCT mimicry. Site 2 mimetic peptides, however, must bind differently, because a prototypic Site 2 peptide (the N-terminal 20-residue segment of the S519 peptide, termed S519N20) does not bind to the insulin minireceptor IR485 (12) . The S519N20 peptide contains a disulfide bridge at its C terminus and, like the S519C16 peptide, is predicted to be helical in structure (7) . The full-length S519 peptide may thus form an antiparallel two-helix bundle similar to insulin (7) and also exhibit trans binding to the L1 domain surface and the FnIII-1/FnIII-2 loops. This suggests that the insulin-binding cavity within the receptor homodimer (Fig. 1C) may provide a target for the design of helical mimetic nonpeptide agonists, perhaps achievable in part by molecules the size of macrolide antibiotics and could be "druggable."
A critical unanswered question is whether, after insulin binds, the receptor αCT segment remains in the conformation and location observed here. A recent model of the complex (28) would imply significant steric overlap between insulin and the L1-bound α-chain segment. Studies of photo-activatable insulin derivatives have shown that azido probes at B16, B24 (as either the L-or D-enantiomer) and B26 cross-link to the receptor L1 domain, whereas probes at A1 (as the D-enantiomer), A2, A3, A4, A8, A14, B25, and B27 cross-link to the C-terminal region of the receptor α-chain (14) . These experiments suggest that αCT stabilizes a structural transition in the bound insulin monomer involving displacement of the B-chain C-terminal segment from its classical conformation in insulin dimers and hexamers (14) . Such change of conformation of the insulin B-chain is also supported by recent analysis of crystal structures of nonstandard insulin analogs (29) . There is a weak sequence relationship between the insulin B-chain and Site 1 mimetic peptides (7), but it does not include the "footprint" residues Phe701, Phe705, and Tyr708. This suggests that if the insulin B-chain does displace the αCT segment, then its mode of L1 domain binding would likely be different from that of αCT. We have shown (SI Appendix) that the tighter binding of the variant aromatic-substituted αCT peptides to the receptor is associated with an approximately commensurate loss of insulin affinity. Unfortunately, this does not answer the question of αCT mobility, as the observed loss of affinity can be attributed to either a reduction in a required mobility of the αCT peptide or steric hindrance from the introduced aromatic residues. Final resolution of this issue must await determination of the structure of the hormone-bound receptor.
The interaction between the αCT segment and L1 domain observed here is likely present in IGF-1R, given its close relationship to the insulin receptor (4, 28) . Of the 22 L1 domain residues of insulin receptor involved in the interaction with the αCT segment, 16 are conserved in IGF-1R, with at least three of the remaining six residues being conservatively substituted (SI Appendix, Table S2 ). Of the 10 residues of the αCT segment involved in the interaction with the insulin receptor L1 domain, five are conserved in IGF-1R (SI Appendix, Table S2), with three of the remaining five residues being conservatively substituted. The remaining two residues (Lys694 and Ser700) have only limited involvement in the interaction. These observations rationalize the affinities of the insulin-mimetic peptides for both receptors (20) and permit construction of comparative structural models for IGF-1R and as well as for the hybrid (insulin receptor/ IGF-1R) receptors. Together, our results have the potential to lead to new avenues of drug design for the treatment of diabetes and cancer.
Materials and Methods
Detailed Materials and Methods are available in SI Appendix.
Crystallography. The original structure determination employed a single crystal of the insulin receptor ectodomain complexed with four F ab s (3). Diffraction images from this study were reprocessed using XDS and XSCALE (30) to provide revised data for refinement. Reflections were assigned the same free-R flag as they had in the original dataset associated with PDB entry 2DTG (3). The original model, following minor in-house improvement, was then subjected to rigidbody crystallographic refinement against the revised diffraction amplitudes, followed by atomic coordinate, atomic displacement parameter, and TLS refinement within PHENIX (31) . Difference electron maps were sharpened by application of a B-factor [equal to the negative (−153.6 Å 2 ) of that determined by a Wilson plot], to constituent structurefactor amplitudes (16) . The tube-like segment of electron density originally observed on the surface of the central β-sheet of the L1 domain (3) now exhibited a clear helical conformation and was present as the largest feature in the sharpened (mF o -DF c ) difference electron-density map. Sufficient side-chain electron density was visible to allow sequence assignment of the helix to residues 693-710 of the insulin receptor α-chain. Crystallographic refinement of the structure inclusive of the 693-710 segment then followed (atomic-coordinate, atomic displacement parameter, and TLS refinement within PHENIX). Coordinates and structure factors have been deposited with Protein Data Bank (accession code 3LOH).
Isothermal Titration Calorimetry. Biotinylated αCT peptides at >75% purity spanning residues 698-719 of the insulin receptor were obtained from Genscript Inc. The insulin minireceptor IR485 construct was produced and purified as previously described (28) , omitting the final ion-exchange chromatography step. The ITC cell contained insulin minireceptor IR485 prepared at 10 μM concentration in Tris-buffered saline plus azide (TBSA; 24.8 mM Tris-HCl (pH 8.0), 137 mM NaCl, 2.7 mM KCl, and 0.02% sodium azide), and the syringe contained the peptide prepared at 60 μM concentration in TBSA. Injection protocols and data processing were as described previously (12).
Molecular Modeling. The docking of the single-and double-mutant αCT peptides to the surface of the L1 domain was investigated by molecular dynamics simulation using the GROMACS v4.0 suite (32) with the OPLS-aa force field (33) .
Synthesis of Photo-Reactive Insulin Analogs. Photo-activatable two-chain and single-chain insulin derivatives were prepared by solid-phase peptide synthesis using the photo-stable precursor para-amino-Phe (Pmp). Analogs containing B-and A-chain photo-probes were labeled by 6-biotinylamidocaproyl-Phe B1 or 6-biotinylamidocaproyl-D-Lys A1 , respectively. Two-chain derivatives at positions B16, B25, A3, or A14 were prepared as described (24, 25) . A bifunctional derivative containing Pmp B16 and Pmp B25 was prepared similarly. Chain combination was not significantly impeded by the Pmp substitutions. Single-chain derivatives, employing a 57-residue framework with connecting peptide GGGPRR, were prepared by native-ligation chemical synthesis and refolded as described (34) . Pmp derivatives were converted to corresponding para-azido-Phe (Pap) derivatives as described and repurified in the dark by reverse-phase HPLC (8) . Predicted molecular masses of Pmp and Pap derivatives were in each case verified by mass spectrometry.
Receptor Expression and Purification. The insulin receptor (B isoform) was expressed in stably transfected dihydrofolate-deficient Chinese Hamster Ovary cell line P3-A, extracted, and WGA-purified as described (23) .
Photo-Cross-Linking. Protocols for photo-cross-linking were identical to those employed previously (25) . After cross-linking and reduction (100 mM DTT) of the complexes, the solutions were run on a 10-20% gradient SDS-PAGE. The separated proteins were blotted onto a nitrocellulose membrane and probed with NeutrAvidin (Pierce, IL) and a polyclonal antibody (catalog number SC-710, Santa Cruz Biotech., CA), which recognizes the insulin receptor α-chain residues 1-20.
